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circuit, a secondary side electric power conversion circuit,
and a control circuit. The control circuit sets at least one of
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1
ELECTRIC POWER CONVERSION CIRCUIT
SYSTEM

PRIORITY INFORMATION

This application claims priority to Japanese Patent Appli-
cation No. 2014-035186 filed on Feb. 26, 2014, which is
incorporated herein by reference in its entirety.

BACKGROUND

1. Technical Field

The present invention relates to an electric power con-
version circuit system, and in particular, to an electric power
conversion circuit system having a plurality of input/output
ports.

2. Related Art

JP 2012-125040 A proposes an electric power conversion
circuit system in which two types of circuits are integrated,
taking advantage of magnetically coupled reactors showing
different inductances in the current directions. The system
has a structure in which coupled reactors are placed on both
ends of a transformer, and are connected to full-bridge
circuits. In this structure, a maximum of four direct current
ports are provided in one circuit. When electric power is
transmitted between the left and right full-bridge circuits
connected on the respective ends of the transformer, if the
duty ratios (Duty) are the same, high-efficiency electric
power transmission is possible.

As described above, the electric power can be transmitted
with high efficiency from one full-bridge circuit to the other
if the duty ratios of the left and right full-bridge circuits are
the same. However, when the duty ratios differ from each
other, a current during a non-transmission period is
increased, and the conversion efficiency is significantly
reduced. Therefore, there is a restriction to set equal duty
ratios between the left and right full-bridge circuits, which
means that the voltage value of the direct current port
connected to the intermediate point of the transformer
cannot be arbitrarily selected.

In view of the above, the present inventors have proposed
controlling a half-bridge phase difference between half-
bridge circuits forming the full-bridge circuit, so that the
reduction of the conversion efficiency can be inhibited even
when the duty ratios differ between the full-bridge circuits.
However, in this related art that was proposed (not yet made
public at the time of filing of the present application) also,
the advantages may be insufficient, and a further improve-
ment in efficiency is desired. In particular, there is a problem
in that the efficiency may be reduced when there is a
dead-time period or when the power supply voltage changes.

The present invention advantageously provides an electric
power conversion circuit system having a plurality of input/
output ports, that can transfer the electric power with high
efficiency even during a dead-time period or even when the
power supply voltage changes.

SUMMARY

According to one aspect of the present invention, there is
provided an electric power conversion circuit system com-
prising: a primary side electric power conversion circuit; a
secondary side electric power conversion circuit magneti-
cally coupled to the primary side electric power conversion
circuit; and a control circuit that controls transmission of
electric power between the primary side electric power
conversion circuit and the secondary side electric power
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conversion circuit. The primary side electric power conver-
sion circuit comprises, between a primary side positive
electrode bus and a primary side negative electrode bus, a
left arm, a right arm, and a primary side coil, wherein the left
arm comprises an upper-left-arm transistor and a lower-left-
arm transistor connected in series, the right arm comprises
an upper-right-arm transistor and a lower-right-arm transis-
tor connected in series, and the primary side coil is con-
nected between a connection point of the left arm and a
connection point of the right arm. The secondary side
electric power conversion circuit comprises, between a
secondary side positive electrode bus and a secondary side
negative electrode bus, a left arm, a right arm, and a
secondary side coil, wherein the left arm comprises an
upper-left-arm transistor and a lower-left-arm transistor con-
nected in series, the right arm comprises an upper-right-arm
transistor and a lower-right-arm transistor connected in
series, and the secondary side coil is connected between a
connection point of the left arm and a connection point of the
right arm. The control circuit sets at least one of a half-
bridge phase difference between the lower-left-arm transis-
tor and the lower-right-arm transistor of the primary side
electric power conversion circuit and a half-bridge phase
difference between the lower-left-arm transistor and the
lower-right-arm transistor of the secondary side electric
power conversion circuit based on OFF periods of the
primary side electric power conversion circuit and the
secondary side electric power conversion circuit and based
on dead-times of the primary side electric power conversion
circuit and the secondary side electric power conversion
circuit, so that, when a duty ratio between the left arm and
the right arm of the primary side electric power conversion
circuit differs from a duty ratio between the left arm and the
right arm of the secondary side electric power conversion
circuit, a current between the primary side electric power
conversion circuit and the secondary side electric power
conversion circuit is zero in a non-transmission period of the
electric power.

According to another aspect of the present invention,
preferably, the control circuit sets at least one of the half-
bridge phase difference between the lower-left-arm transis-
tor and the lower-right-arm transistor of the primary side
electric power conversion circuit and the half-bridge phase
difference between the lower-left-arm transistor and the
lower-right-arm transistor of the secondary side electric
power conversion circuit based further on an amount of
change of an input voltage.

According to another aspect of the present invention,
preferably, the control circuit sets the half-bridge phase
difference between the lower-left-arm transistor and the
lower-right-arm transistor of the primary side electric power
conversion circuit based on the OFF period of the secondary
side electric power conversion circuit, and the control circuit
sets the half-bridge phase difference between the lower-left-
arm transistor and the lower-right-arm transistor of the
secondary side electric power conversion circuit based on
the OFF period and the dead-time of the primary side
electric power conversion circuit.

According to another aspect of the present invention,
preferably, the control circuit sets the half-bridge phase
difference between the lower-left-arm transistor and the
lower-right-arm transistor of the primary side electric power
conversion circuit based on the OFF period of the secondary
side electric power conversion circuit, and the control circuit
sets the half-bridge phase difference between the lower-left-
arm transistor and the lower-right-arm transistor of the
secondary side electric power conversion circuit based on
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the OFF period and the dead-time of the primary side
electric power conversion circuit, and on the amount of
change of the input voltage.

According to another aspect of the present invention,
preferably, the primary side coil comprises a coil and a
transformer-primary side coil magnetically coupled to each
other, and the secondary side coil comprises a transformer-
secondary side coil and a coil connected to an intermediate
point of the transformer-secondary side coil.

According to another aspect of the present invention,
preferably, the primary side coil comprises a transformer-
primary side coil and a coil connected to an intermediate
point of the transformer-primary side coil, and the secondary
side coil comprises a coil and a transformer-secondary side
coil magnetically coupled to each other.

According to various aspects of the present invention,
electric power can be transferred between the primary side
and the secondary side with high efficiency even during the
dead-time period and even when the power supply voltage
changes. In addition, according to various aspects of the
present invention, the number of magnetic elements through
which an alternating current passes can be reduced and the
conversion efficiency can be improved.

The present invention will be more clearly understood
with reference to the embodiment described below. The
embodiment, however, is described for more clearly under-
standing the invention, and is not intended to limit the scope
of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the present invention will be
described in detail with reference to the following figures,
wherein:

FIG. 1 is a diagram of a circuit system structure presumed
in a preferred embodiment of the present invention;

FIG. 2 is a functional block diagram of an OFF period 8
determination processor and a half-bridge phase difference y
determination processor in FIG. 1;

FIG. 3 is a diagram of a circuit system structure of a
preferred embodiment of the present invention;

FIG. 4 is a functional block diagram of an OFF period 8
determination processor and a half-bridge phase difference y
determination processor of FIG. 3;

FIG. 5 is a timing chart in a preferred embodiment of the
present invention;

FIG. 6 is an explanatory diagram of an ON-OFF control
in a period [1];

FIG. 7 is an explanatory diagram of an ON-OFF control
in a period [2];

FIG. 8 is an explanatory diagram of an ON-OFF control
in a period [3];

FIG. 9 is an explanatory diagram of an ON-OFF control
in a period [4];

FIGS. 10A and 10B are explanatory diagrams of a wave-
form when there is no dead-time correction term;

FIGS. 11A and 11B are explanatory diagrams of a wave-
form when there is a dead-time correction term;

FIG. 12 is an explanatory diagram of a waveform when a
power supply voltage is increased;

FIG. 13 is an explanatory diagram of a waveform when a
power supply voltage is reduced;

FIGS. 14A and 14B are explanatory diagrams of a wave-
form when there is no voltage change correction term;

FIGS. 15A and 15B are explanatory diagrams of a wave-
form when there is a voltage change correction term;
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FIG. 16 is a diagram of a circuit system structure in
another preferred embodiment of the present invention; and

FIG. 17 is a diagram of a circuit system structure in yet
another preferred embodiment of the present invention.

DETAILED DESCRIPTION

Preferred embodiments of the present invention will now
be described with reference to the drawings. The electric
power conversion circuit system according to the preferred
embodiments of the present invention may be equipped in,
for example, electricity-driven vehicles such as a hybrid
electric vehicle and an electric automobile, but the present
invention is not limited to such configurations.
<Presumed Circuit System>

First, a circuit system presumed in the present embodi-
ment will be described.

FIG. 1 shows an electric power conversion circuit system
presumed in the present embodiment. The electric power
conversion circuit system 8 has an electric power conversion
device 10 and a control circuit 50. The electric power
conversion device 10 has four input/output ports; two input/
output ports A~D are selected from the four input/output
ports, and electric power is converted between the two
selected input/output ports. The electric power conversion
device 10 has a primary side electric power conversion
circuit 20 and a secondary side electric power conversion
circuit 30, and the primary side electric power conversion
circuit 20 and the secondary side electric power conversion
circuit 30 are magnetically coupled to each other by a
transformer 40.

A primary side left arm 23 and a primary side right arm
27 are connected in parallel to each other between a primary
side positive electrode bus 60 and a primary side negative
electrode bus 62. The primary side left arm 23 includes a
primary side upper-left-arm transistor 22 and a primary side
lower-left-arm transistor 24 connected in series to each
other. The primary side right arm 27 includes a primary side
upper-right-arm transistor 26 and a primary side lower-right-
arm transistor 28 connected in series to each other.

The input/output port A (PORT_A) is provided between
the primary side positive electrode bus 60 and the primary
side negative electrode bus 62. The input/output port C
(PORT_C) is provided between the primary side negative
electrode bus 62 and a center tap which is a connection point
of coils 42 and 43. The secondary side electric power
conversion circuit 30 has a similar structure. Loads and
power supplies are connected to the input/output ports A, B,
C, and D.

The transformer 40 includes a primary side coil 39 and a
secondary side coil 49. The primary side coil 39 is formed
by coils 41~44 connected in series, and the secondary side
coil 49 is formed by coils 45~48 connected in series. The
coils 41 and 44 forma coupling reactor on the primary side,
and the coils 45 and 48 form a coupling reactor on the
secondary side.

The control circuit 50 sets various parameters for con-
trolling the electric power conversion circuit 10, and
executes switching control of switching transistors of the
primary side electric power conversion circuit 20 and the
secondary side electric power conversion circuit 30. The
control circuit 50 includes an electric power conversion
mode determination processor 51, a phase difference ¢
determination processor 52, an OFF period 0 determination
processor 54, a half-bridge phase difference y determination
processor 56, a primary side switching processor 58, and a
secondary side switching processor 59.
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The electric power conversion mode determination pro-
cessor selects, from among the input/output ports A~D, two
input/output ports, based on a mode signal from outside (not
shown), and sets a mode for electric power conversion
between the two selected input/output ports. One of the
electric power conversion modes is a bidirectional electric
power transmission mode between the input/output port A
and the input/output port B (this mode will hereinafter be
referred to as an insulating converter mode). The other
electric power conversion modes are modes in which the
voltage is increased or decreased between the input/output
ports A and C, or between the input/output ports B and D
(these modes will hereinafter be referred to as voltage
increasing/decreasing converter modes).

The phase difference ¢ determination processor 52 sets a
phase difference ¢ of switching periods of switching tran-
sistors between the primary side electric power conversion
circuit 20 and the secondary side electric power conversion
circuit 30 so that the electric power conversion device 10
may function as a DC-to-DC converter circuit. The phase
difference ¢ is a phase difference of voltage waveforms of a
two-end voltage V| of the primary side coil 39 and a two-end
voltage V, of the secondary side coil 49.

The OFF period d determination processor 54 sets an OFF
period & (duty ratio) of the switching transistor of the
primary side electric power conversion circuit 20 and the
secondary side electric power conversion circuit 30 so that
the primary side electric power conversion circuit 20 and the
secondary side electric power conversion circuit 30 may
function as a voltage increasing/decreasing circuit.

The half-bridge phase difference y determination proces-
sor 56 sets a half-bridge phase difference of the primary side
electric power conversion circuit 20 and a half-bridge phase
difference of the secondary side electric power conversion
circuit 30 so that a circulating current during a non-trans-
mission period is zero even when the phase difference ¢ of
the voltage waveforms of the two-end voltage V| and the
two-end voltage V, is zero and the duty ratios of the voltage
waveforms differ between the primary side and the second-
ary side. The half-bridge phase difference on the primary
side is a phase difference of switching control between the
primary side left arm 23 and the primary side right arm 27
(phase difference between half-bridges), and more specifi-
cally, is a phase difference of the switching control between
the primary side lower-left-arm transistor 24 and the primary
side lower-right-arm transistor 28. The half-bridge phase
difference y2 on the secondary side is a phase difference of
switching control between the secondary side left arm 33
and the secondary side right arm 37 (phase difference
between half-bridge circuits), and more specifically, is a
phase difference of the switching control between the sec-
ondary side lower-left-arm transistor 34 and the secondary
side lower-right-arm transistor 38.

The primary side switching processor 58 applies switch-
ing control of the switching transistors of the primary side
left arm 23 and the primary side right arm 27 based on
outputs of the electric power conversion mode determination
processor 51, the phase difference ¢ determination processor
52, the OFF period 8 determination processor 54, and the
half-bridge phase difference y determination processor 56.

The secondary side switching processor 59 applies
switching control of the switching transistors of the second-
ary side left arm 33 and the secondary side right arm 37
based on outputs of the electric power conversion mode
determination processor 51, the phase difference ¢ determi-
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nation processor 52, the OFF period  determination pro-
cessor 54, and the half-bridge phase difference y determi-
nation processor 56.

FIG. 2 shows a functional block diagram of the OFF
period O determination processor 54 and the half-bridge
phase difference y determination processor 56. In FIG. 2, an
asterisk (*) indicates a command value.

The OFF period 8 determination processor 54 adds a
value determined by applying a feed-forward control using
a relationship formula 2mx(1-V/V_*) for a voltage com-
mand value V_* and a voltage value V-, and a value Ad,
determined by applying a PI control based on the voltage
value V, to determine an OFF period command value
(primary side duty command value) §,* of the primary side
electric power conversion circuit 20. In addition, the OFF
period § determination processor 54 adds a value determined
by applying a feed-forward control using a relationship
formula 2x(1-V,/V5*) for a voltage command value V;*
and a voltage value V,, and a value Ad, determined by
applying a PI control based on the voltage value Vg, to
determine an OFF period command value (secondary side
duty command value) §,* of the secondary side electric
power conversion circuit 30. With this configuration, even if
there is a change in the loads connected to the input/output
ports A and B, the OFF period command values (duty
command values) §,* and 8,* can be determined in con-
sideration of the voltage values V, and V; which have
changed with the change of the loads.

The half-bridge phase difference y determination proces-
sor 56 determines a half-bridge phase difference command
value y,* on the primary side using a relationship formula
Y17 #=2m—3,*. The half-bridge difference y determination
processor 56 also determines a half-bridge phase difference
command value v,* on the secondary side using a relation-
ship formula y,*=2mw-3 *.

The control circuit 50 may be realized by an ECU having
a processor and a memory and that executes a computer
program stored in a program memory. The processes may be
distributed over a plurality of processors, or a part of the
functions of the control circuit 50 may be realized by a
dedicated hardware.

Operations of two modes; that is, the voltage increasing/
decreasing converter mode, and the insulating converter
mode in such a circuit system structure will now be
described.

First, in the voltage increasing/decreasing converter
mode, for example, when the input/output port C and the
input/output port A on the primary side are considered, the
input/output port C is connected to an up-and-down con-
nection point of the primary side left arm 23 via the coils 41
and 42 of the primary side coil 39. Because the ends of the
primary side left arm 23 are connected to the input/output
port A, a voltage increasing/decreasing circuit would be
connected between the input/output port C and the input/
output port A. In addition, the input/output port C is con-
nected to an up-and-down connection point of the primary
side right arm 27. Because the ends of the primary side right
arm 27 are also connected to the input/output port A, another
voltage increasing/decreasing circuit would be connected
between the input/output port C and the input/output port A.
Thus, two voltage increasing/decreasing circuits are con-
nected in parallel to each other between the input/output port
C and the input/output port A. Similarly, in the secondary
side electric power conversion circuit 30 also, two voltage
increasing/decreasing circuits are connected in parallel in
the left and right arms 33 and 37, between the input/output
port D and the input/output port B.
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Next, in the insulating converter mode, if the input/output
port A on the primary side and the input/output port B on the
secondary side are considered, the primary side coil 39 is
connected to the input/output port A, and the secondary side
coil 49 is connected to the input/output port B. Therefore, by
adjusting a phase difference ¢ of the switching period of the
primary side electric power conversion circuit 20 and the
secondary side electric power conversion circuit 30, it is
possible to convert the electric power which is input to the
input/output port A and transmit the converted electric
power to the input/output port B, or to convert the electric
power which is input to the input/output port B and transmit
the converted electric power to the input/output port A. In
other words, if the two-end voltage V, of the primary side is
an advanced phase with respect to the two-end voltage v2 on
the secondary side, the electric power can be transmitted
from the primary side electric power conversion circuit 20 to
the secondary side electric power conversion circuit 30, and,
if the two-end voltage V, on the secondary side is an
advanced phase with respect to the two-end voltage V, on
the primary side, the electric power can be transmitted from
the secondary side electric power conversion circuit 30 to
the primary side electric power conversion circuit 20.

In the insulating converter mode, when the primary side
duty command value §,* and the secondary side duty
command value 0,* are the same, there is no problem.
However, when the duty command values differ between the
primary side and the secondary side, the two-end voltage V,
on the primary side and the two-end voltage V, on the
secondary side have different voltage waveforms, and, even
if the phase difference ¢ is set to 0, electric power would be
transmitted between the primary side electric power con-
version circuit 20 and the secondary side electric power
conversion circuit 30, and the transmission cannot be con-
trolled by the adjustment of the phase difference ¢. This
causes a restriction in that the duty ratio of the primary side
and the duty ratio of the secondary side must always be set
equal to each other.

However, by calculating the primary side half-bridge
phase difference command value based on the relationship
formula of y,*=2m-3,* and calculating the secondary side
half-bridge phase difference command value using the rela-
tionship formula of y,*=2m-9§,*; that is, by setting the
primary side half-bridge phase difference command value in
consideration of the secondary side duty command value
and setting the secondary side half-bridge phase difference
command value in consideration of the primary side duty
command value, it becomes possible to set the voltage
waveforms of the two-end voltages V| and V,, to be the same
even when the duty command values differ between the
primary side and the secondary side. This means that, with
this configuration, there is no restriction that the duty ratios
must be set equal between the primary side and the second-
ary side.

The above-described system is the presumed circuit struc-
ture system, and the present embodiment further improves
such a circuit structure system.
<Circuit Structure System of Present Embodiment>

FIG. 3 shows an electric power conversion circuit system
8 of the present embodiment presuming the circuit system
structure described above. In addition to the structure of
FIG. 1, a correction term determination processor 57 is
added to the control circuit 50.

An example configuration will be described in which a
direct current power supply is connected to the input/output
port B on the secondary side, and electric power is trans-
mitted to the input/output port A on the primary side.
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As shown in FIG. 4, the correction term determination
processor 57 is a functional block that corrects the half-
bridge phase difference command value calculated by the
half-bridge phase difference y determination processor 56,
and further corrects the half-bridge phase difference com-
mand values calculated using relationship formulae y, *=2r—
d,% and y,*=2n-8, *. Specifically, as the voltage waveforms
of the two-end voltages V, and V, may change during the
dead-time period or due to a change in the input voltage,
resulting in different voltage waveforms, the half-bridge
phase difference command values are corrected in consid-
eration of influences of these, to more precisely coincide the
voltage waveforms of the two-end voltages V, and V,.

The correction term determination processor 57 specifi-
cally determines a correction term based on the following
formula:

AYo=dt-0 g (20-8*){1-NV /V) €8]

where dt represents the dead-time, ;- represents a switch-
ing angle frequency, N represents a ratio of number of
windings of the transformer 40, V, represents the primary
side voltage, and V represents the secondary side voltage.

The correction term determination processor 57 then
applies the correction by adding the correction term to the
command value calculated by y,*=27-3,*. In other words,
the correction term determination processor 57 calculates
the half-bridge phase difference command value using the
relationship formulae:

yi=201-5

¥s =218 + Ay,
=201 — & + dt- e + 2T = 5)(1 = NV, / V)

The first term on the right side of the above-described
formula (1) is a correction term corresponding to the dead-
time, and the second term on the right side is a correction
term corresponding to a change of the input voltage.

Next, the correction term Ay, will be described in detail,
separately for the first term and the second term on the right
side of the formula.
<First Term on Right Side: Dead-Time Correction Term>

FIG. 5 shows operation waveforms of switching transis-
tors when electric power is transmitted from the secondary
side to the primary side. In FIG. 5, S1~S4 correspond to the
switching transistors 22, 24, 26, and 28 of the primary side
electric power conversion circuit 20, and S5~S8 correspond
to the switching transistors 32, 34, 36, and 38 of the
secondary side electric power conversion circuit 30 (refer to
FIG. 1) . In FIG. 5, “S1 S2” represents a switching timing
of Sland S2. The switching transistors Sland S2 are alter-
nately switched ON and OFF. The descriptions of “S3, S4”,
“S5, S67, and “S7, S8’ are similar to the above. The
description of “NV,” represents a voltage waveform shown
by a product of the primary side voltage; that is, the two-end
voltage V,, and the number of windings of the transformer
N, “V,” represents a voltage waveform of the two-end
voltage V, on the secondary side, and “i,,” represents a
current on the primary side.

A hatched portion corresponds to the dead-time period. In
FIG. 5, the phase difference ¢ and the length A of the
dead-time period are also shown. In addition, periods [1]~
[4] are shown as examples.

FIG. 6 shows ON-OFF states of the switching transistors
S1~S8 in the period [1] of FIG. 5. The switching transistors
S1, S4, S5, and S8 re in the ON state, and the other switching
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transistors are in the OFF state. The flow of current in this
case is as shown in FIG. 6. On the secondary side (power
sending side), because the switching transistors S5 and S8
are ON, a current flows from S5 to the coils 46 and 47 and
further to S8 (S5—=46, 47—S8). Similarly, on the primary
side (power receiving side), because the switching transis-
tors S1 and S4 are ON, a current flows from S4 to the coils
42 and 43 and further to S1 (S4—42, 43—S1).

FIG. 7 shows ON-OFF states of switching transistors S1
S8 in the period [2] of FIG. 5. The switching transistors S1,
S4, and S8 are in the ON state, and the other switching
transistors are in the OFF state. In the period [2] , compared
to the period [1], the switching transistor S5 is transitioned
from the ON state to the OFF state. When S5 on the
secondary side (power sending side) is switched OFF, a
current continues to flow through a diode connected in
parallel to S6, and the two-end voltage V, on the secondary
side is reduced to zero. Therefore, the ON-OFF of S5 of the
upper arm determines the two-end voltage V, on the sec-
ondary side (power sending side).

FIG. 8 shows ON-OFF states of the switching transistors
S1~S8 in a period [3] of FIG. 5. The switching transistors
S1, S4, S6, and S8 are in the ON state, and the other
switching transistors are in the OFF state.

FIG. 9 shows ON-OFF states of the switching transistors
S1~S8 in a period [4] of FIG. 5. The switching transistors
S4, S6, and S8 are in the ON state, and the other switching
transistors are in the OFF state. In the period [4], compared
to the period [3], the switching transistors S1 is transitioned
from the ON state to the OFF state. When S1 on the primary
side (power receiving side) is switched OFF, a current
continues to flow through a diode connected in parallel to
S1, and the two-end voltage V, on the primary side does not
become zero unless S2 is switched ON. Therefore, the
ON-OFF of S2 on the lower arm determines the two-end
voltage V, on the primary side (power receiving side).

Normally, in a circuit system having a half-bridge circuit
as shown in FIG. 3, a dead-time of a few hundreds of
nanoseconds to a few microseconds is provided, so that the
upper and lower switching transistors are not short-circuited.
This is the reason why, in FIG. 5, dead-time periods are
provided in which S1 and S2 are both switched OFF, S3 and
S4 are both switched OFF, S5 and S6 are both switched OFF,
and S7 and S8 are both switched OFF. On the other hand,
when the dead-time is provided, as described above, the
arms that determine the two-end voltages V, and V, of the
transformer 40 differ between the power sending side and
the power receiving side. Therefore, a difference is caused in
the pulse width between the two-end voltages V, and V,.
Specifically, the pulse width on the secondary side (power
sending side) is trimmed by the dead-time dt (the pulse
width is reduced) as compared to the pulse width on the
primary side (power receiving side).

Therefore, in order to realize a same waveform for the
two-end voltages V, and V,, the trimmed dead-time dt may
be added to the pulse width of the two-end voltage V, on the
secondary side (power sending side) . Specifically, a dead-
time correction term may be set as:

Dead-time correction term=dt 0y

FIGS. 10A and 10B show a result of a computer simula-
tion of voltage waveforms of the two-end voltages V, and
V, and a current i, on the primary side when there is no
dead-time correction term. These figures show a result in a
case where dt=0, D;>D,, and the number of windings=N.
FIG. 10A shows the waveforms of the two-end voltages V,
and V,, and FIG. 10B shows a waveform of the primary side
current i,,. It should be noted that the duty ratios on the
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primary side and the secondary side differ from each other.
As can be understood from FIG. 10A, a difference is caused
in the pulse width between NV, and V, as shown by “a” in
FIG. 10A, and the pulse width is reduced for V,. As can be
understood from FIG. 10B, even when the two-end voltages
V, and V, are zero, the primary side current iu is not set to
zero, and a circulating current is caused in the non-trans-
mission period. The circulating current is a current circu-
lating in the primary side during the non-transmission period
because the energy accumulated in an inductor during the
transmission period cannot be fully output from the port on
the primary side. Occurrence of such a circulating current
results in reduction of the conversion efficiency.

In contrast, FIGS. 11A and 11B show the voltage wave-
forms of the two-end voltages V, and V, and the current i,
on the primary side when there is a dead-time correction
term. FIG. 11A shows the waveforms of the two-end volt-
ages V, and V,, and FIG. 11B shows a waveform of the
primary side current i,. As can be understood from FIG.
11A, the difference in the pulse width between NV, and V,
is corrected compared to FIG. 10A as shown by “a” in FIG.
11A, and the waveforms are approximately equal to each
other. As can be understood from FIG. 11B, the circulating
current in the non-transmission period is inhibited, and the
conversion efficiency is improved.
<Second Term on Right Side: Voltage Change Correction
Term>

With a change of the power supply voltage connected to
the input/output port B also, a difference may be caused in
the voltage waveforms of the two-end voltages V, and V,,
and a circulating current may be generated.

FIG. 12 shows voltage waveforms and the waveform of
the primary side current i, when the power supply voltage
V5 of the input/output port B is increased and NV <V ,. The
upper part shows the voltage waveforms of V, and NV, and
the lower part shows the current waveform of i,.. As shown
in the lower part, a circulating current is caused in the
non-transmission period.

FIG. 13 shows the voltage waveforms and the waveform
of'the primary side current i, when the power supply voltage
V5 of the input/output port B is reduced and NV,>V,. The
upper part shows the voltage waveforms of V, and NV, and
the lower part shows the current waveform of i,,. In this case
also, as shown in the lower part, a circulating current is
caused in the non-transmission period.

As described, when the power supply voltage is increased
or decreased, a circulating current is caused. In order to
inhibit the circulating current as shown in FIGS. 12 and 13,
a total sum of the amount of change of the current in periods
[1]~3] of FIGS. 12 and 13 may be set to zero. A pulse width
correction necessary for setting the total sum to zero may be
determined by:

Voltage change correction term=2mx-8,*)(1-NV /V5)

NV _/V represents an amount of change of the input power
supply voltage V and the voltage change correction term is
set according to the amount of change of the power supply
voltage.

FIGS. 14A and 14B show a result of a simulation when
there is no voltage change correction term and the power
supply voltage V connected to the input/output port B is
reduced. FIG. 14A shows the waveforms of the two-end
voltages V|, and V,, and FIG. 143 shows the waveform ofthe
current i,. A circulating current is caused in the non-
transmission period.
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FIGS. 15A and 15B show a result of a simulation when
there is a voltage change correction term and the power
supply voltage V connected to the input/output port B is
reduced. FIG. 15A shows the waveforms of the two-end
voltages V, and V,, and FIG. 15B shows the waveform of
the current i,,. The circulating current is inhibited even in the
non-transmission period. This is similarly applicable for the
case where the power supply voltage V; connected to the
input/output port B is increased.

As described, in the present embodiment, the half-bridge
phase difference command value is corrected using the
dead-time correction term and the voltage change correction
term in the condition when the primary side and the sec-
ondary side operate with different duty ratios. With such a
configuration, even when there is a dead-time period or even
when the power supply voltage changes, the circulating
current in the non-transmission period can be inhibited and
the conversion efficiency can be improved.

In the case where the power supply voltage is controlled,
and there is no voltage change or the voltage change is
sufficiently small that the voltage change may be ignored,
the half-bridge phase difference command value may be
corrected with only the dead-time correction term. In this
case, the correction is:

Ay, =drogyy

This is also clear in the above-described formula (1) show-
ing that, when there is no change in the power supply
voltage, NV =V _t the phase difference cp of zero and the
voltage change correction term which is the second term on
the right side is zero.

In addition, in the present embodiment, the half-bridge
phase difference correction value y,* on the secondary side
is corrected. Alternatively, the half-bridge phase difference
command value y,* on the primary side May be corrected
based on the dead-time and the amount of change of the
power supply voltage, to realize equal voltage waveforms,
or both the half-bridge phase difference command values v, *
and y,* on the primary side and the secondary side may be
corrected to realize equal voltage waveforms.

Moreover, in the present embodiment, when electric
power is transmitted between the primary conversion circuit
20 and the secondary conversion circuit 30, the electric
power passes through three magnetic elements including the
coupling reactors 41 and 44, the primary side and secondary
side coils 42, 43, 46, and 47, and coupling reactors 45 and
48, joule-heat is increased and a current ripple is increased
in the control between the half-bridges. In consideration of
this, as shown in FIG. 16, a configuration may be employed
in which the coupling reactors 45 and 48 are omitted, a
reactor 100 is connected to a connection point of the
transformer-secondary side coils 46 and 47, an L value
necessary for a one-side voltage increasing/decreasing con-
verter mode and the insulating converter mode is realized by
one of the coupling reactors 41 and 44, and the other voltage
increasing/decreasing converter mode is realized by the
reactor 100, so that the number of magnetic elements
through which an alternating current passes is reduced and
the conversion efficiency is further improved. In addition,
with the reduction of the number of magnetic elements, there
is an advantage that the circuit design is simplified. Alter-
natively, in FIG. 3, the coupling reactors 41 and 44 may be
omitted and a reactor 100 may be connected to a connection
point of the transformer-primary side coils 42 and 43. FIG.
17 shows a circuit system structure in this configuration. In
summary, the coupling reactor on one of the primary side
electric power conversion circuit 20 and the secondary side
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electric power conversion circuit 30 may be omitted, and a
reactor may be connected to the connection point of the
transformer coils in place thereof.

What is claimed is:

1. An electric power conversion circuit system, compris-

ing:

a primary side electric power conversion circuit;

a secondary side electric power conversion circuit mag-
netically coupled to the primary side electric power
conversion circuit; and

a control circuit that controls transmission of electric
power between the primary side electric power con-
version circuit and the secondary side electric power
conversion circuit, wherein

the primary side electric power conversion circuit com-
prises, between a primary side positive electrode bus
and a primary side negative electrode bus, a left arm, a
right arm, and a primary side coil, wherein the left arm
comprises an upper-left-arm transistor and a lower-left-
arm transistor connected in series, the right arm com-
prises an upper-right-arm transistor and a lower-right-
arm transistor connected in series, and the primary side
coil is connected between a connection point of the left
arm and a connection point of the right arm,

the secondary side electric power conversion circuit com-
prises, between a secondary side positive electrode bus
and a secondary side negative electrode bus, a left arm,
a right arm, and a secondary side coil, wherein the left
arm comprises an upper-left-arm transistor and a lower-
left-arm transistor connected in series, the right arm
comprises an upper-right-arm transistor and a lower-
right-arm transistor connected in series, and the sec-
ondary side coil is connected between a connection
point of the left arm and a connection point of the right
arm, and

the control circuit sets at least one of a half-bridge phase
difference between the lower-left-arm transistor and the
lower-right-arm transistor of the primary side electric
power conversion circuit and a half-bridge phase dif-
ference between the lower-left-arm transistor and the
lower-right-arm transistor of the secondary side electric
power conversion circuit based on OFF periods of the
primary side electric power conversion circuit and the
secondary side electric power conversion circuit and
based on dead-times of the primary side electric power
conversion circuit and the secondary side electric
power conversion circuit, so that, when a duty ratio
between the left arm and the right arm of the primary
side electric power conversion circuit differs from a
duty ratio between the left arm and the right arm of the
secondary side electric power conversion circuit, a
current between the primary side electric power con-
version circuit and the secondary side electric power
conversion circuit is zero in a non-transmission period
of the electric power.

2. The electric power conversion circuit system according

to claim 1, wherein

the control circuit sets at least one of the half-bridge phase
difference between the lower-left-arm transistor and the
lower-right-arm transistor of the primary side electric
power conversion circuit and the half-bridge phase
difference between the lower-left-arm transistor and the
lower-right-arm transistor of the secondary side electric
power conversion circuit based further on an amount of
change of an input voltage.

3. The electric power conversion circuit system according

to claim 1, wherein
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the control circuit sets the half-bridge phase difference
between the lower-left-arm transistor and the lower-
right-arm transistor of the primary side electric power
conversion circuit based on the OFF period of the
secondary side electric power. conversion circuit, and

the control circuit sets the half-bridge phase difference
between the lower-left-arm transistor and the lower-
right-arm transistor of the secondary side electric
power conversion circuit based on the OFF period and
the dead-time of the primary side electric power con-
version circuit.

4. The electric power conversion circuit system according

to claim 2, wherein

the control circuit sets the half-bridge phase difference
between the lower-left-arm transistor and the lower-
right-arm transistor of the primary side electric power
conversion circuit based on the OFF period of the
secondary side electric power conversion circuit, and

the control circuit sets the half-bridge phase difference
between the lower-left-arm transistor and the lower-
right-arm transistor of the secondary side electric
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power conversion circuit based on the OFF period and
the dead-time of the primary side electric power con-
version circuit, and on the amount of change of the
input voltage.

5. The electric power conversion circuit system according

to claim 1, wherein

the primary side coil comprises a coil and a transformer-
primary side coil magnetically coupled to each other,
and

the secondary side coil comprises a transformer-second-
ary side coil and a coil connected to an intermediate
point of the transformer-secondary-side coil.

6. The electric power conversion circuit system according

to claim 1, wherein

the primary side coil comprises a transformer-primary
side coil and a coil connected to an intermediate point
of the transformer-primary side coil, and

the secondary side coil comprises a coil and a trans-
former-secondary side coil magnetically coupled to
each other.



